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Bacteria need to scavenge iron from their environ-
ment, and this is no less important for bacterial path-
ogens while attempting to survive in the mammalian
host. One key strategy is the synthesis of small iron
chelators known as siderophores. The study of side-
rophore biosynthesis systems over the past several
years has shed light on novel enzymology and, as
such, has identified new therapeutic targets. Staphy-
lococcus aureus, a noted human and animal path-
ogen, produces two citrate-based siderophores,
termed staphyloferrin A and staphyloferrin B. The
iron-regulated gene cluster for the biosynthesis of
staphyloferrin B, sbnA-I, contains several yet unchar-
acterized genes. Here, we report on the identifica-
tion of an enzyme, SbnG, which is annotated in the
genome sequence as a metal-dependent class II
aldolase. In contrast to this prediction, we report
that, instead, SbnG has evolved to catalyze metal-
independent citrate synthase activity using oxaloac-
etate and acetyl-CoA as substrates. We describe an
in vitro assay to synthesize biologically active staph-
yloferrin B from purified enzymes and substrates,
and identify several SbnG inhibitors, includingmetals
such as calcium and magnesium.
INTRODUCTION
Staphylococcus aureus is a notorious Gram-positive pathogen
capable of inflicting various types of maladies ranging from boils
and impetigo to serious conditions such as endocarditis and
meningitis. Not unlike many other microorganisms, it frequently
faces the challenge of acquiring sufficient amounts of iron for
survival. This is because iron exists in the form of ferric (Fe3+)
hydroxide or oxyhydroxide precipitates following reaction with
oxygen (Barry and Challis, 2009) and, thus, soluble or bioavail-
able iron exists at exceedingly low concentrations. To overcome
this nutritional obstacle, bacteria have evolved efficient iron-
uptake strategies and the use of siderophores is one of the
most common. Siderophores are low molecular weight, high-
affinity iron-chelators that are classified depending on the1568 Chemistry & Biology 19, 1568–1578, December 21, 2012 ª2012functional groups used in iron-coordination (Miethke and Mara-
hiel, 2007). There are two known methods for synthesis of side-
rophores in bacteria. One method invokes the use of nonriboso-
mal peptide synthetases (NRPS), which form large modular
enzymatic platforms that synthesize protein carrier-linked side-
rophore intermediates (Crosa and Walsh, 2002). A second
strategy for siderophore synthesis is dubbed the NRPS-inde-
pendent siderophore (NIS) synthetase system, which strictly
utilizes enzymatic condensation of dicarboxylic acids with
diamines and/or amine-alcohols, and unlike the NRPS system,
the NIS method involves freely dissociable enzymes and biosyn-
thetic intermediates (Challis, 2005). The model NRPS and NIS-
synthesized siderophores are enterobactin and aerobactin,
respectively.
S. aureus produces two a-hydroxycarboxylate siderophores
termed staphyloferrin A (SA) and staphyloferrin B (SB) (Drechsel
et al., 1993; Haag et al., 1994; Konetschny-Rapp et al., 1990;
Meiwes et al., 1990). Staphyloferrin A is comprised of two citrate
molecules that are amide linked to a central D-ornithine residue,
and the sfa gene cluster encodes enzymes necessary for NIS-
type synthesis of the SA molecule (Beasley et al., 2009; Cotton
et al., 2009). The constituent components of SB are L-2,3-
diaminopropionic acid (Dap), citrate, 1,2-diaminoethane, and
a-ketoglutarate (Drechsel et al., 1993), and the nine-gene sbn
operon in S. aureus encodes the requisite enzymes for synthesis
of the SB molecule (Cheung et al., 2009). The NIS-type biosyn-
thetic pathway for SB has recently been elucidated, and involves
three synthetase enzymes (SbnC, SbnE, and SbnF) and a decar-
boxylase (SbnH). The synthetases link the precursors: citrate,
Dap, and a-ketoglutarate, whereas the 1,2-diaminoethane
component of the siderophore is derived from decarboxylation
of Dap after being condensed onto citric acid (Cheung et al.,
2009).
Although genetic, biochemical, and structural studies have
shed light on the central steps of siderophore biosynthesis,
many siderophore biosynthesis genetic loci contain genes
whose functions are not yet characterized. We hypothesize
that some of these gene products are enzymes for precursor
synthesis to ensure optimal production of the final metabolite,
irrespective of the metabolic status of the cell. Indeed, as
described above, S. aureus synthesizes two citrate-containing
siderophores under conditions of iron limitation. Paradoxically,
during iron-restricted growth, S. aureus undergoes a metabolic
shift in what has been termed the ‘‘iron-sparing’’ response,
that is, the expression of nonessential iron-containing enzymesElsevier Ltd All rights reserved
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including citrate synthase, CitZ, are central to the tricarboxylic
acid cycle (TCA) and, thus, under iron-limiting growth, the
production of citric acid through central metabolism is pre-
sumably reduced. How, then, is citric acid synthesized during
iron-restricted growth in order to sustain production of the
citrate-containing staphyloferrin siderophores? We reasoned
that production of citric acid could be due to enzyme activity
that is encoded from within the SB biosynthetic cluster, where
several gene products have yet to be characterized.
In this study, we identify and characterize, to our knowledge,
a novel, iron-regulated enzyme, encoded by sbnG from
within the staphyloferrin B biosynthetic operon, with significant
sequence similarity to class II aldolases. However, we demon-
strate that although SbnG is related to metal-dependent aldol-
ases, SbnG actually catalyzes an aldol condensation between
oxaloacetate and acetyl-CoA to give rise to citric acid. Unlike
the class II aldolases, we demonstrate that catalysis is metal
independent. Homologs of SbnG are found within the biosyn-
thetic gene clusters for other citrate-containing siderophores,
including achromobactin and vibrioferrin. We propose that
SbnG and homologs act effectively as citrate synthases with
the purpose of ensuring citrate is available as a precursor for
siderophore biosynthesis, irrespective of the metabolic status
of the cell.
RESULTS
Homologs of sbnG Are Found in Siderophore
Biosynthetic Gene Clusters
In previous work, synthesis of the S. aureus siderophore SB
(Figure 1A) was accomplished in vitro using only the three
synthetase enzymes, SbnC, SbnE, and SbnF, and a decarboxy-
lase SbnH, along with the substrates citrate, a-ketoglutarate,
and L-2,3-diaminopropionic acid (Dap) (Cheung et al., 2009).
Although encoded from within the iron-regulated sbn operon,
the function of SbnG remained elusive. Amino acid sequence
similarity searches revealed that a sbnG homolog, acsB, was
present in the gene cluster for achromobactin biosynthesis in
Pseudomonas syringae B728a (46% identity) and Dickeya
dadantii 3937 (48% identity). Moreover, the vibrioferrin biosyn-
thetic gene clusters from Pseudomonas aeruginosa PA7 and
Xanthomonas oryzae KACC10331 also contain sbnG homologs
annotated as PSPA73088 (37% identity) and mhpE (36% iden-
tity; Figure 1B). Interestingly, a sbnG homolog is not detected
in the vibrioferrin biosynthetic operon in Vibrio parahaemolyticus
RIMD2210633. Of note, SB, achromobactin, and vibrioferrin are
each citrate-based siderophores.
SbnG is 259 amino acids in length with a theoretical molecular
mass of 28718.8 Da and a pI of 5.46. It has been annotated as
a 2-dehydro-3-deoxyglucarate aldolase and bioinformatic anal-
yses reveal that the closest homologs are the characterized
metal-dependent class II aldolases HpcH, YfaU, and DDGA
(Izard and Blackwell, 2000; Rea et al., 2007, 2008; Table S1
available online).
SbnG Does Not Degrade Ferric-SB
Although SbnG was not required for reconstitution of staphylo-
ferrin B synthesis in vitro (Cheung et al., 2009), the protein mayChemistry & Biology 19, 1568–157play a significant role within the overall scheme of SB metabo-
lism within the cell. SbnG shares sequence similarity with
carbon-carbon bond cleaving aldolases and citrate lyases
(specifically the b-subunit; Table S1), the latter of which perform
a retro-aldol condensation reaction on citrate to form oxaloace-
tate and acetate (Dimroth and Eggerer, 1975). Therefore, we
initially speculated that SbnG might play a role in iron release
from SB, once internalized, by cleaving the siderophore. To
study the function of this protein, SbnG was overexpressed
and purified to greater than 99% homogeneity as estimated by
SDS-PAGE, and confirmed by mass spectrometry (Figure S1).
We tested for SB-degrading activity by incubating SbnG with
ferric-SB and, using liquid chromatography-mass spectrometry
(LC-MS), monitoring for the breakdown of SB and the generation
of new ion species. Somewhat surprisingly, even in the presence
of common divalent metals used by aldolases, such as magne-
sium and manganese (Fish and Blumenthal, 1966; Izard and
Blackwell, 2000; Rea et al., 2005, 2007, 2008), we were unable
to detect SbnG-dependent breakdown of ferric-SB (Figure S2).
SbnG Is a Citrate Synthase
Since we were unable to demonstrate SB-degrading activity for
SbnG, we investigated whether it was involved in the formation
of precursors that would feed into SB biosynthesis. The genomic
context for sbnG and homologs is biosynthetic gene clusters for
carboxylate-type siderophores, specifically those containing
citrate and a-ketoglutarate (Figure 1). Initial clues to an alternate
function of SbnG stemmed from the observation that SbnG is
a distant homolog of malate synthase (Table S1), which con-
denses glyoxylic acid and acetyl-CoA to yield malic acid
(Anstrom et al., 2003; Anstrom and Remington, 2006; Howard
et al., 2000). Another clue arose from the significant similarity
of SbnG with macrophomate synthase (Table S1), which cata-
lyzes a series of decarboxylation, carbon-carbon bond forma-
tion, and dehydration reactions to convert oxaloacetate and
2-pyrone into benzoate (macrophomic acid) (Ose et al., 2004;
Watanabe et al., 2000). However, rather than generating malic
acid or macrophomic acid, which are not relevant precursors
to SB, we hypothesized that SbnG may at least share partial
substrate specificity with malate and macrophomate synthases
for acetyl-CoA and oxaloacetate, respectively. The result would
be generation of citric acid by SbnG through an aldol condensa-
tion between acetyl-CoA and oxaloacetate, despite similarity of
this enzyme to class II aldolases, which catalyze retro-aldol
reactions.
Purified SbnGwas incubated with proposed substrates oxalo-
acetate and acetyl-CoA and the 5,50-dithiobis-(2-nitrobenzoic
acid) (DTNB) assay, originally described by Srere (1969), was
employed to monitor for enzyme-dependent release of coen-
zyme A. An increase in TNB2 anions was observed when
SbnG was incubated with acetyl-CoA in the presence of oxalo-
acetate, but not glyoxylate (Figure 2A), nor was there any
increase in coenzyme A formation beyond background levels
in the absence of oxaloacetate or acetyl-CoA (Figure 2A).
SbnG-dependent malate synthase activity (i.e., reactions con-
taining glyoxylate and acetyl-CoA) was not detectable even
when reactions contained MgCl2, which is normally required
for malate synthase activity (Anstrom et al., 2003; Anstrom and
Remington, 2006; Howard et al., 2000; Figure S3). Employing8, December 21, 2012 ª2012 Elsevier Ltd All rights reserved 1569
Figure 1. Chemical Structures and Biosynthetic Gene Clusters for Citric Acid-Containing SB, Achromobactin, and Vibrioferrin Siderophores
(A) Chemical structures. Fundamental components of each siderophore are labeled.
(B) Biosynthetic gene clusters. The name of the siderophore whose production is directed by each cluster is listed on the left along with the bacterial genome from
which the information is taken. Where present, transporter-encoding loci are also indicated. The sbnG homologs in each cluster (absent in the
V. parahaemolyticus cluster) are highlighted with an asterisk.
See also Table S1.
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Figure 2. Citrate Synthase Activity of SbnG
(A) SbnG hydrolyzes acetyl-CoA in the presence of oxaloacetate, but not glyoxylate. Top panel, SbnG was incubated with glyoxylate and acetyl-CoA and the
amount of HS-CoA generated was determined using the DTNB assay (see Experimental Procedures). Bottom panel, the reactions were the same as those in the
top panel, except that oxaloacetate was substituted for glyoxylate. Error bars indicate SD from the mean of three replicates.
(B) Liquid chromatography-electrospray ionization-mass spectrometry analysis of reactions for formation of mass ion species 191.1, corresponding to that of
citric acid. Full reaction contained SbnG, oxaloacetate, and acetyl-CoA and other reactions shown are those where one component, as indicated, was omitted.
(C) Tandem mass spectrometry of 191.1 ion from either a citric acid standard or the full SbnG reaction.
See also Figures S1–S5.
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Figure 3. SbnG-Generated Citrate Can Be Used by Siderophore
Synthetases to Make SB In Vitro
(A) Disk diffusion growth promotion assays were performed by spotting
enzyme reaction mixtures (via two-pot reaction strategy, see Supplemental
Experimental Procedures) onto sterile paper disks before being placed onto
TMS agar plates seeded with S. aureus. The diameter of growth around the
disk was measured (in mm) 36 hr after incubation. Error bars indicate standard
deviation from the mean of three replicates. Dashed line represents the
diameter of the disk. The experiment was repeated using S. aureus sirAmutant
(SirA is the Fe-SB receptor), and no growth was observed for any of the four
samples.
(B) Liquid chromatography-electrospray ionization-mass spectrometry
analysis of SB generated from a two-pot reaction strategy. The mass ion of
[M+H]= 447.1 Da (eluted at 6.33min) is observed only in the top spectrum (full
reaction) but is absent in the bottom two spectra, where reactions lacked
either oxaloacetate or acetyl-CoA, as indicated. Samples are normalized to
one another based on common ions present in the samples, such as that of
HEPES. Error bars represent SD from the mean of three replicates.
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temperature (37C), NaCl (0.3–1 M) and pH (8.0; Figure S4). Of
particular note, results indicated that enzyme activity was poor
in buffer containing less than 0.3 M NaCl. This is similar to the
salt enhancing effects on citrate synthase activity previously
observed (Faloona and Srere, 1969). Under optimal conditions,
we estimated the steady-state kinetic parameters for SbnG
with respect to substrates oxaloacetate and acetyl-CoA. For
oxaloacetate, the values were Km = 160 mM, and kcat =
0.46 s1 (Figure S5A). For acetyl-CoA, the kinetic parameters
were Km = 430 mM, and kcat = 1.46 s
1 (Figure S5B).
We next confirmed the observed activity from the DTNB
assays by subjecting the SbnG reaction mixtures to liquid chro-
matography-electrospray ionization (ESI) tandem mass spec-
trometry analysis to examine for the [M-H] ion of citric acid at
191.1 Da. Selected-ion chromatograms for the 191.1 mass ion
species of four different reactions showed that only the full
SbnG reaction (Figure 2B) yields a prominent chromatographic
peak, with retention time at 7.75 min, which contains the pre-
dicted mass ion for citric acid. When enzyme or substrates
were omitted from the reaction, the peak was not detected.
Collision-induced dissociation (tandem mass spectrometry
[MS/MS]) was used to fragment the 191.1 Da mass ion into
daughter ions, yielding the identical ion profile to that of a citric
acid standard (Figure 2C). These data confirm that SbnG
condenses oxaloacetate and acetyl-CoA to form citric acid.
Importantly, mass spectrometry analyses of the pureSbnGprep-
aration (prepared from E. coli cytoplasm) used for the assays did
not reveal any contaminating mass ions that corresponded to
the theoretical masses of E. coli citrate synthase (48014.85 Da)
or methylcitrate synthase (43102.99 Da) (data not shown).
SbnG-Generated Citric Acid Is a Substrate for SB
Biosynthesis
Previously, we demonstrated that SB synthetases SbnC, SbnE
and SbnF, along with a decarboxylase, SbnH, and substrates
citrate, a-ketoglutarate and L-2,3-diaminopropionic acid (Dap)
would efficiently synthesize SB (Cheung et al., 2009). Given
that SbnG could generate citrate, we attempted to generate
SB by adding SbnG, oxaloacetate and acetyl-CoA to the biosyn-
thetic assay in place of citrate. The reaction mixture contained
SbnCEFGH and all known substrates and cofactors for each
enzyme to make SB. Surprisingly, however, this reaction failed
to produce detectable amounts of SB, andwe thus hypothesized
that a precursor or cofactor in the established SbnCEFH-
dependent SB synthesis reaction was inhibiting the reaction
catalyzed by SbnG. Therefore, a two-pot reaction strategy was
established in which SbnGwas incubated separately with oxalo-
acetate and acetyl-CoA to allow for production of citric acid. The
resulting reaction mixture was added along with a-KG, Dap,
MgCl2, ATP, pyridoxal-5
0-phosphate (PLP), the three sidero-
phore synthetases (SbnCEF), and decarboxylase (SbnH). After
overnight incubation at room temperature, the reaction mixture
was CAS positive (Cheung et al., 2009), indicating siderophore
activity, and promoted the iron-restricted growth of S. aureus
in a SirA(receptor)-dependent manner (Figure 3A). These obser-
vations are in agreement with previous reports of successful
synthesis of SB in vitro (Cheung et al., 2009; Grigg et al.,
2010). Indeed, LC-ESI-MS analysis of the reaction mixture1572 Chemistry & Biology 19, 1568–1578, December 21, 2012 ª2012confirmed the presence of the characteristic mass ion of SB at
[M-H] = 447.1 Da (Figure 3B). Omission of oxaloacetate or
acetyl-CoA from the initial SbnG reaction mixture did not lead
to production of SB by SbnCEFH, as indicated by the absence
of S. aureus growth promotion and SB mass ions (Figure 3).
Identification of SbnG Inhibitors
Since we were unable to synthesize SB using a one-pot reaction
mixture containing SbnCEFGH with corresponding substratesElsevier Ltd All rights reserved
Figure 4. Identification of SbnG Inhibitors
Enzyme assays were carried out as described in Experimental Procedures.
Percent activity is reported as a percentage of the activity relative to an assay
lacking the indicated components. Error bars indicate standard deviation from
the mean of five replicates.
See also Figures S6 and S7 and Table S2.
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components were acting as inhibitors toward the citrate syn-
thase activity of SbnG. Known inhibitors of the TCA-cycle citrate
synthase are citric acid, nicotinamide adenine dinucleotide
(NADH), and ATP (Harford and Weitzman, 1975; Hathaway and
Atkinson, 1965; Srere, 1972, 1974; Srere and Matsuoka, 1972).
In contrast to the TCA-cycle citrate synthase, SbnG activity
was not significantly inhibited by citric acid at concentrations
up to 10 mM (Figure 4). ATP inhibited SbnG activity up to 40%
at 10 mM ATP, while NADH inhibited SbnG activity approxi-
mately 75% at the 10 mM concentration (Figure 4). We also
examined possible effects of SB biosynthetic precursors on
SbnG activity, which may highlight important regulatory features
of the enzyme in the context of SB synthesis in the cell. Inhibition
by a-ketoglutarate was similar to that of NADH, with approxi-
mately 50% inhibition at 5 mM a-ketoglutarate and 70% inhibi-
tion at 10 mM (Figure 4). However, the most notable inhibitor
tested was L-2,3-diaminopropionic acid, with 50% inhibition of
activity at 0.5 mM and up to 90% inhibition at a 10 mM concen-
tration of this siderophore precursor (Figure 4).
Interestingly, SbnG does not demonstrate ametal requirement
for its citrate synthase activity (Figure 2), despite the fact that
many of its homologs are known to bind metal as a requirement
for catalysis (Fish and Blumenthal, 1966; Howard et al., 2000;
Izard and Blackwell, 2000; Rea et al., 2007, 2008). While the
enzyme is relatively unaffected by calcium to at least a concen-
tration of 10 mM,magnesium proved to be a strong inhibitor with
greater than 50% and 75% inhibition at 5 mM and 10mMMgCl2,
respectively (Figure 4). In agreement, LC-MS analyses of SbnG
reactions incubated in the presence of 10 mM MgCl2 confirmed
a substantial decrease in the amount of the citric acid produced
(Figure S6). To further support the observation that metal is not
required for SbnG activity, we pretreated SbnG with a greater
than 50-fold molar excess of EDTA and observed little difference
in activity versus untreated enzyme (Figure S7). Inductively
coupled plasma mass spectrometry analyses of active SbnG
samples (taken from activity assays) in the presence or absence
of EDTA revealed Mg2+ or Mn2+ to SbnG monomer molar ratiosChemistry & Biology 19, 1568–157of 0.1:1 or less (data not shown). Ca2+ was present at a molar
ratio to SbnG monomer of 0.5:1 (data not shown); however, at
this concentration calcium is not expected to significantly affect
activity (Figure 4).
SbnG Forms a Multimeric Complex in Solution
Biochemically characterized class II metal-dependent aldolases
(Table S1) can form physiologically relevant homohexamers
(Fish and Blumenthal, 1966; Howard et al., 2000; Izard and
Blackwell, 2000; Ose et al., 2004; Rea et al., 2007, 2008). Simi-
larly, it is known that type I citrate synthases from Gram-positive
bacteria and eukaryotes form homodimers (Moriyama and Srere,
1971; Robinson et al., 1983; Weitzman and Danson, 1976)
and, interestingly, type II citrate synthases from Gram-negative
bacteria form homohexamers (Nguyen et al., 2001; Tong and
Duckworth, 1975; Weitzman and Dunmore, 1969; Weitzman
and Jones, 1968). Therefore, we investigated possible oligomer-
ization of SbnG in solution. Analysis of purified SbnG by analyt-
ical size exclusion chromatography revealed a single eluting
species with Ve = 12.2ml (Figure 5) corresponding to amolecular
weight of 188 kDa, or 6.4monomer units of SbnG. For amorepre-
cise investigation into the oligomeric state of SbnG in solution,
we performed sedimentation equilibrium analysis on the purified
protein. Analysis of the enzyme at rotor speed 10,000 rpm at
equilibrium yielded a molecular weight of 170 kDa, which agreed
with a hexamer model (175.2 kDa) within 3% error (Figure 5).
Note that the enzyme concentration used to perform this sedi-
mentation experiment is identical to our routine citrate synthase
assays, suggesting active SbnG functions as a hexamer.
DISCUSSION
The work reported here represents a multipronged approach
to characterize the function and biological significance of what
was regarded as a putative aldolase, SbnG, encoded fromwithin
the SB biosynthetic operon in S. aureus. Homologs of SbnG are
also encoded in the biosynthetic loci for other citrate-based
siderophores. In this study, we have demonstrated that SbnG
catalyzed a metal-independent aldol condensation reaction
involving acetyl-CoA and oxaloacetate to yield citric acid.
Metal-independent citrate synthesis represents a novel function
for the class II (metal-dependent) aldolase family of proteins.
Here, we have demonstrated the ability to couple the SbnG-
generated citric acid with other SB synthetases and precursors
to form biologically active SB. In vivo, however, and in the con-
text of the biosynthesis of citrate-containing siderophores,
a specialized route to citric acid production would be advanta-
geous to bacteria that are undergoing an ‘‘iron-sparing re-
sponse’’ (Friedman et al., 2006), which is characterized by
downregulation of the TCA cycle and a corresponding decrease
in synthesis of key metabolic acids that may serve as sidero-
phore precursors. Concurrently, the glycolytic pathway is upre-
gulated resulting in production of pyruvate. In light of the central
metabolic changes that occur during growth under iron-limita-
tion, thus limiting availability of citrate and a-KG through the
TCA cycle, S. aureus must have other routes to provide these
key intermediates to generate SB. Interestingly, the S. aureus
genome is predicted to encode the enzymes pyruvate car-
boxylase (PycA), aspartate transaminase, acetyl-coenzyme A8, December 21, 2012 ª2012 Elsevier Ltd All rights reserved 1573
Figure 5. SbnG Behaves as a Hexamer in Solution
(A) Size-exclusion chromatography of SbnG. The chromatogramwas obtained
from size-exclusion analysis of purified SbnG using a Superdex 200 column at
a flow rate of 0.2 ml/min. The running buffer consisted of 50 mM HEPES,
pH 7.4, and 150 mM NaCl. The absorbance was recorded at 280 nm. The
elution volumes of molecular mass standards are shown at the top of the
chromatogram. The inset is a calibration curve for the Superdex 200 column.
The elution volume of the standards is represented as a ratio of the elution
volume of the protein standard to the void volume of the column. The ratio of
the elution volume of SbnG is shown, and corresponds to a molecular mass of
188 kDa.
(B) Sedimentation equilibrium analysis of SbnG. In the bottom panel, the
absorbance at 280 nm is plotted as a function of the radial position. The circles
represent the sedimentation equilibrium data obtained for 10 mM SbnG at
a rotor speed of 10,000 rpm. The nonlinear least squares best fit to a single
species (hexamer model) according to Equation (1) is represented by the solid
line. The calculated molar mass was 170 kDa and is consistent with the
theoretical molar mass of hexameric SbnG that is 174 kDa. In the top panel, the
residuals for the nonlinear least squares best fit are plotted as a function of
radial position. Error bars represent SD from the mean of three replicates.
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known to be involved in the anaplerotic replenishment of TCA
cycle intermediates when levels decrease in the cell due to1574 Chemistry & Biology 19, 1568–1578, December 21, 2012 ª2012consumption in biosynthetic pathways. Specifically, oxaloace-
tate levels can be restored by enzymes pyruvate carboxylase
and aspartate transaminase. Furthermore, the ‘‘iron-sparing
response’’ is also predicted to upregulate levels of acetyl-CoA
(Friedman et al., 2006), catalyzed by the pyruvate dehydroge-
nase (PhdA-PhdB) complex. Therefore, the availability of both
oxaloacetate and acetyl-CoA through these routes would ensure
precursors are available for SbnG to generate citric acid. The SB
precursor a-ketoglutarate could be formed through the anapler-
otic route as well, via deamination of glutamate-by-glutamate
dehydrogenase (GudB). However, mechanisms to restore levels
of citrate to meet the demands for secondary metabolite biosyn-
thesis have not been addressed until this study.
The SA biosynthetic locus does not include a sbnG homolog,
despite the fact that SA requires two molecules of citrate per
siderophore molecule. Perhaps not surprisingly, though, there
exists other examples of citrate-based siderophore biosynthetic
operons that lack an sbnG homolog, including aerobactin,
rhizoferrin, and petrobactin. However, in S. aureus, it is inter-
esting to note that strong induction of SB biosynthesis genes,
in contrast to SA biosynthesis genes, is observed in gene
expression data from S. aureus cultured in the presence of blood
or serum (Malachowa et al., 2011). Thus, certain iron-limited
growth conditions exist in which the demand for citrate is likely
greater for the production of SB over SA, lending support to
a possible important role for SbnG in vivo.
Although it is clear from our data that SbnG synthesizes
citrate, the enzyme shares greater similarity with aldolases (or
carbon-carbon bond breaking enzymes) which led us to test
whether it could promote iron release from SB by breaking the
molecule. That this proved unsuccessful was not entirely unex-
pected, since iron release from citrate-based siderophores is
likely to arise from the activity of an iron reductase. Indeed,
such an enzyme is found in the gene cluster for achromobactin
biosynthesis in P. syringae annotated as Psyr_2549 (Figure 1),
and a ferric-citrate reductase in Bacillus haloduranswas recently
described (Miethke et al., 2011). Therefore, a reductase, en-
coded elsewhere in the genome for other organisms, including
S. aureus, may be responsible for iron release for the respective
citrate-siderophores. Further evidence against a role for SbnG in
iron release from SB is that even in S. aureus strains lacking the
entire sbn gene cluster, the Fe-SB complex can be used as
a sole source of iron for growth (Beasley et al., 2011, 2009).
The SB precursors a-ketoglutarate and L-Dap also appear to
inhibit the activity of SbnG and it is tempting to speculate on
the existence of an intricate post-translational regulatory system
within the SB biosynthetic pathway. Perhaps SbnG inhibition
functions to maintain a level of citrate in balance with the avail-
ability of a-ketoglutarate and L-Dap. Although the concentration
of inhibitors used in this study appears high and potentially
not physiologically relevant, these concentrations may be ap-
proached in the vicinity of the enzyme complex. Investigating
potential regulatory mechanisms of SB biosynthesis remains
an ongoing effort of our laboratory. Note that NADH, ATP, and
a-ketoglutarate, which are characterized inhibitors of type I
and/or II TCA cycle citrate synthases (Harford and Weitzman,
1975; Weitzman, 1966; Weitzman and Dunmore, 1969; Weitz-
man and Jones, 1968; Wright et al., 1967), also inhibit SbnG
activity.Elsevier Ltd All rights reserved
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bacterial TCA cycle citrate synthases perform up to 103-fold
more efficiently than the citrate synthase activity detected
for SbnG when comparing specificity constants (kcat/Km)
(Table S2). The efficiency of SbnG-catalyzed reactions is com-
parable to those of its class II metal-dependent homologs
(Table S3). Surprisingly, very few steady-state kinetic parame-
ters of the condensation reaction for aldolases have been re-
ported, and therefore we compared kinetic constants measured
for the cleavage reaction catalyzed by class II aldolases (such as
YfaU, HcpH, and DDGA) to the condensation reaction of SbnG
(Table S3). This comparison provides some perspective on the
affinity, catalytic ability, and efficiency of SbnG for its substrates
in comparison to the other aldolases. YfaU catalysis in the aldol
cleavage direction (of several tested substrates) is comparable
to the values obtained for SbnG catalyzing a reaction in the aldol
condensation direction (Table S3). However, the efficiency of
HcpH is at least 102-fold higher for its substrates compared to
SbnG, and this is especially true when activated with cobalt.
When comparing efficiencies of condensation reactions by
aldolases, the condensation of oxaloacetate with acetyl-CoA
by SbnG outperforms fructose-1,6-bisphosphate aldolase by
up to 103-fold.
SbnG formed stable hexamers in solution. The hexameric
arrangement of SbnG protomers is in agreement with that of
homologous aldolases (Fish and Blumenthal, 1966; Howard
et al., 2000; Izard and Blackwell, 2000; Ose et al., 2004; Rea
et al., 2007, 2008). However, the lack of metal-dependence of
SbnG activity is one striking difference between SbnG and the
metal-dependent class II aldolases. Indeed, our results demon-
strated that divalent metals such as calcium and magnesium
actually had an inhibitory effect on SbnG activity. This observa-
tion suggests that SbnGmay be subject to regulation by divalent
metals such as ferrous iron; however, the observed inhibitory
concentrations of Mg2+ or Ca2+ are likely not physiologically
relevant. On a similar note, the E. coli citrate synthase is also
sensitive to inhibition by divalent metals such as Mg2+ and
Ca2+ (Faloona and Srere, 1969).
In terms of the importance of sbnG to S. aureus biology, it is
intriguing to speculate whether there are indeed in vivo situa-
tions e.g., certain types of infections, where citZ, the TCA cycle
citrate synthase, is completely shut off, providing a scenario
whereby sbnG is the sole contributor to citrate in the cell and,
thus, at a minimum, staphyloferrin B production. One such
scenario appears to exist, since it has recently been demon-
strated that S. aureus small colony variants (or SCVs), have
depressed levels of several TCA cycle enzymes, including CitZ
(Kriegeskorte et al., 2011). A potentially vital role for siderophore
production, particularly SB, in iron acquisition by SCVs remains
to be elucidated.
SIGNIFICANCE
Bacteria need to scavenge iron from their environment, and
this is no less important for bacterial pathogens attempting
to survive in themammalian host. In Staphylococcus aureus,
iron-limitation results in metabolic changes that favor
glycolysis over TCA cycle activity. On the surface, this
seems paradoxical for an organism that produces twoChemistry & Biology 19, 1568–157citrate-containing siderophores, which are molecules
essential to counter iron limitation. S. aureus solves this
problem by expressing SbnG, encoded from a gene upregu-
lated during periods of iron starvation. SbnG has been
shown to be a citrate synthase enzyme, generating citrate
from the precursors oxaloacetate and acetyl-CoA. The
enzyme has this activity despite being more closely related
to class II, metal-dependent aldolases; yet, in the case of
SbnG, divalent metals such as magnesium and calcium are
potent inhibitors of the enzyme. We propose that SbnG
and homologs act effectively as citrate synthases with the
purpose of ensuring citrate is available as a precursor for
siderophore biosynthesis, irrespective of the metabolic
status of the cell.EXPERIMENTAL PROCEDURES
SbnG Overexpression and Purification
The full length of the gene encoding SbnG was PCR-amplified from S. aureus
strain Newman using forward primer 50-TTGATAGCTAGCATGATGCAACA
ACTATCTCTG-30 (NheI) and reverse primer 50-TTGATAGGATCCTTAGCCTTC
ATCCCCTTTC-30 (BamHI). The amplicon was digested with NheI and BamHI
and cloning into NheI-BamHI-digested pET28a(+) (Novagen), which incorpo-
rates a thrombin-cleavable His6 tag at the N-terminus of the encoded recombi-
nant protein. The pET28_SbnG construct was introduced into E. coli
BL21(lDE3). Cells were grown at 37C to an optical density of approximately
0.8, at which time isopropyl b-D-thiogalactoside (0.5 mM) was incorporated
into the growth medium. The cells were then incubated for an additional
16 hr at room temperature with shaking at 300 rpm and cells were then
harvested by centrifugation at 15,000 3 g for 15 min. The cell pellet was re-
suspended in 50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES) pH 7.4, 500 mM NaCl, and 10 mM imidazole and lysed in a
French pressure cell at 10,000 psi. The cell lysate was then centrifuged at
15,000 3 g for 15 min to remove unbroken cells and debris. The supernatant
was then subjected to ultracentrifugation at 150,0003 g for 60 min to remove
insolubles. The soluble material was applied to a nickel-loaded 1 ml HisTrap
column (GE Healthcare) equilibrated with buffer A (50 mM HEPES buffer
[pH 7.4], 500 mM NaCl, 10 mM imidazole) and the His6-tagged protein was
eluted from the column with a gradient of 0%–80% buffer B (50 mM HEPES
buffer [pH 7.4], 500 mM NaCl, 500 mM imidazole) over 20 column volumes
using an A¨KTA FPLC (GE Healthcare). Protein fractions were collected and
dialysed against phosphate buffered saline (pH 7.4) at 4C in preparation for
thrombin protease (GE Healthcare) treatment as per manufacturer instruc-
tions. Thrombin-treated SbnG was then applied onto a nickel-loaded, 1 ml
HisTrap column to separate the His6 tag from SbnG protein. SbnG was
collected in the flow through and dialyzed against 20 mM Tris-HCl, pH 7.5,
150 mM NaCl at 4C. SbnG was then further purified using anion exchange
chromatography by loading the protein onto a Mono-Q 10/10 column (GE
Healthcare) equilibrated with buffer C (20 mM Tris-HCl, 150 mM NaCl) and
eluting the protein using a 0%–100% gradient of buffer D (20 mM Tris-HCl,
1M NaCl). Fractions containing SbnG were dialyzed at 4C into storage buffer
consisting of 50mMHEPES pH 8.0, 150mMNaCl, 10%glycerol. Protein purity
was confirmed using ESI-MS and SDS-PAGE. Purified SbnGwas then aliquot-
ted and stored at 80C. Typical SbnG yield from the induced E. coli cultures
was determined to be 30–40 mg/l.
Citrate Synthase Assays
Routine assays for citrate synthase activity used the DTNB method as
originally described (Srere, 1969). Optimization of reaction conditions were
performed with temperatures ranging from 4C–55C, NaCl concentrations
ranging from 0–1.2 M, and pH values of 4–10 (50 mM succinate buffer pH
4–6, 50 mM HEPES pH 7–8, and 50 mM CHES pH 9–10). Subsequent to
optimization, and unless otherwise stated, all further enzyme reactions per-
formed throughout the study contained 50 mM HEPES, pH 8.0, 300 mM
NaCl, 0.2 mM acetyl-coenzyme A (Sigma), 0.5 mM oxaloacetate (Sigma),8, December 21, 2012 ª2012 Elsevier Ltd All rights reserved 1575
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concentration of 0.1 mM DTNB was added to each reaction to detect activity
and absorbance wasmeasured at 412 nm using a Varian Cary 50 UV-vis spec-
trophotometer. The extinction coefficient 14,150 M1 cm1 was used for the
TNB dianion.
To test the effect of potential inhibitors on SbnG activity, the optimized
enzyme assay (see above) was performed but in the presence of noted
concentrations of sodium citrate (Sigma), ATP (Roche), NADH (Sigma), a-keto-
glutarate (Sigma), L-2,3-diaminopropionic acid (Iris Biotech GmBH), MgCl2, or
CaCl2. Each assay included an enzyme-free reaction in identical reaction
conditions to serve as a blank. Note that enzyme activity increased in a linear
manner with respect to increasing enzyme concentration and the presence
of 20% (w/v) polyethylene glycol (PEG-8000) only increased the activity by
two-fold.
SbnG Enzyme Kinetics
SbnG (citrate synthase) enzyme reactions were performed under optimal
conditions (see Results) with various concentrations of oxaloacetate (0.012–
3.2 mM) or acetyl-CoA (0.025–1.6 mM). Reactions were allowed to incubate
for 10 min (for which the activity of the enzyme was still linear over time) and
the absorbance at 412 nmwasmeasured. Data were fitted to nonlinear regres-
sion analysis with a least-squares best fit to the Michaelis-Menten enzyme
kinetic model. Kinetic parameters and analysis were solved using the Graph-
Pad Prism 5 software package.
Mass Spectrometry Analysis
Enzyme reactionmixtures were subjected to centrifugation in an Amicon Ultra-
0.5 10K filter column (Millipore) at 14,000 3 g for 15 min remove all proteins
prior to LC-MS/MS analysis. The resulting filtrate was injected directly into
an LC-MS/MS system consisting of an Agilent HPLC 1100 with a Phenomenex
Synergi Hydro-RP column (250 3 1.0 mm, 4 mm, 80 A˚) coupled to a Q-TOF
(micro, Waters) mass spectrometer. Chromatography separation was carried
out at a flow rate of 50 ml/min with a gradient, which started and held at 0%
B for 10 min, then increased to 95% B over 10 min, held at 95% B for 2 min,
then returned to 0% B over 2 min. A 30 min equilibration time was permitted
before each sample injection. Solvent A was water and solvent B was aceto-
nitrile and both solvents contained 0.3% formic acid. LC-MS analysis was
performed with electrospray ionization in negative ion mode with a scan range
100 to 700 m/z. Collision induced dissociation was performed with a mass
range 60 to 500 m/z using argon as collision gas. Variable collision energy of
15 to 30 V was applied to obtain an informative fragmentation spectrum.
Size-Exclusion Chromatography
Purified SbnG was buffer exchanged to 50 mM HEPES, pH 7.4, 150 mM NaCl
using an Amicon Ultra-0.5 10K filter column (Millipore Corp.), prior to loading
onto a Superdex-200 10/30 GL analytical gel filtration column (GE Healthcare)
equilibratedwith the same buffer. The columnwas calibrated with blue dextran
(void volume; 7.95 ml), b-amylase (200 kDa), alcohol dehydrogenase
(150 kDa), bovine serum albumin (66 kDa), carbonic anhydrase (29 kDa), and
cytochrome C (12.4 kDa). Five hundred microliters of purified SbnG, at a
concentration of approximately 1 mg/ml, was applied onto the gel filtration
column coupled to an A¨KTA FPLC. The protein was monitored by continuous
absorption measurements at 280 nm and elution was controlled with a flow
rate of 0.2 ml/min.
Analytical Ultracentrifugation, Sedimentation Equilibrium
Prior to the start of sedimentation analysis, purified SbnG was exhaustively
buffer exchanged into 50 mM HEPES pH 7.4, 150 mM NaCl through a combi-
nation of centrifugation using an Amicon Ultra-0.5 10K filter column (Millipore
Corp.) and dialysis. The dialysis buffer was retained for use as the reference
blank for all analyses. Sedimentation equilibrium analyses were performed
on a Beckman XL-A centrifuge with a four-hole An-60Ti rotor. Each cell
contained a 6-sector Epon charcoal centerpiece. The initial absorbance
(280 nm) of the SbnG sample loaded into the instrument was approximately
0.3, yielding a protein concentration of approximately 10 mM. Sedimentation
analysis was carried out at 25Cwith a rotor speed of 10 000 rpm. Absorbance
of the protein was measured at 280 nm and readings in the absorbance range
of 0.1 to 1.0 were obtained from the centrifuge. Absorbance measurements1576 Chemistry & Biology 19, 1568–1578, December 21, 2012 ª2012were recorded in 0.002-cm radial steps and averaged over 10 observations.
Equilibrium of SbnG was achieved when absorbance scans obtained at least
5 hr apart were identical. The partial specific volume of SbnGwas calculated to
be 0.739 g/ml at 25C. The solvent density was calculated to be 1.0083 g/ml at
25C. By assuming a single ideal species (as suggested from prior gel filtration
analysis), the molar mass (M) was determined from a nonlinear least-squares
best fit of the absorbance data at a single speed (at equilibrium) to the
equation:
Cr =CF P

u2
2RT

Mð1 nrÞr2  F2R ; (Equation 1)
where Cr is the concentration at radius r, CF is the solute concentration at
reference distance F, u is the angular velocity of the rotor, v is the partial
specific volume of the solute, r is the solvent density, R is the gas constant,
and T is the temperature in kelvin. All data analysis was performed using the
GraphPad Prism 5 software package.
SB Synthesis and Degradation Assays
Staphyloferrin B was prepared as previously described (Cheung et al., 2009;
Grigg et al., 2010). Enzymes were removed from the SB reaction mixture by
centrifugation through an Amicon Ultra-0.5 10k filter column (Millipore). To
assess the ability of SbnG to degrade Fe-SB, the filtrate was supplemented
with 3 mM FeCl3 and centrifuged at 18,000 3 g to remove insoluble material.
Twenty-five ml of this filtrate containing Fe-SB was incubated with 10 mM
purified SbnG in buffer consisting of 20 mM sodium phosphate, pH 7.4, with
1 mM MgCl2 or 1 mM MnCl2. Reactions were incubated overnight in the
dark at room temperature and then analyzed by LC-ESI-MS using methods
as previously described (Cheung et al., 2009).
SB Synthesis Using SbnCEFGH Enzymes
Enzyme reactions for the synthesis of staphyloferrin B that incorporated
SbnG, oxaloacetate and acetyl-CoA, in place of citrate, were performed using
a two-step, two-pot reaction to avoid the inhibitory effects on SbnG activity
by staphyloferrin B precursors and reaction components. Briefly, SbnG was
incubated with oxaloacetate and acetyl-CoA under optimal conditions,
described above, for 16 hr. SbnG was then removed from this reaction
mixture by centrifugation through an Amicon Ultra-0.5 10K filter column
(Millipore) at 14,000 3 g for 15 min. The resulting filtrate was then incubated
with 1 mM a-ketoglutarate, 2 mM L-2,3-diaminopropionic acid, 0.5 mM
MgCl2, 5 mM ATP, 0.5 mM PLP, and SbnC, SbnE, SbnF, and SbnH (each
at 10 mM). This reaction mixture was allowed to incubate for 16 hr at room
temperature in the dark.
Disk Diffusion Bioassays
Disk diffusion bioassays were performed as described (Beasley et al., 2009).
Five microliter aliquots of in vitro enzyme reactions (reactions are described
above) were mixed with 5 ml of 50 mM FeCl3 prior to spotting onto sterile paper
disks that were subsequently placed onto Tris-minimal-succinate agar seeded
with 1 3 104 bacteria per ml; bacteria used were S. aureus RN6390 and its
isogenic sirA mutant (Dale et al., 2004). Growth promotion, as measured by
the diameter of the growth halo around each disk, was determined after
36 hr incubation at 37C.
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